


Institutional Archive of the Naval Postgraduate 5chool 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1986 


Angular distribution of transition radiation in 
the soft x-ray spectrum. 


Yim, Chang-Ho 


http://hdl.handle.net/10945/21669 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
D U DLEY research materials and institutional publications created by the NPS community. 
3 Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
KNOX appointed — and published — scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


°° Got ay dicha tette ne CI 
nai Cigar Fe 
dÉ 2212 N 
Eu py eeben 
Ee 


eid pre Sy = 
She ed tea A 


Weg rto qr Qc qp ar d) d hyr ddrych e tn 
id MERI UE NO AO AA AS AAA Dc 
e KC ng PK I) EA 5 - 
d iii 


5 i e E Tran maps "na leesch E: 
- CE be aa a and — Sc? 
E "ay ua e ee EE h 
ri 1 ad. aa Aaa a 
D DCK Ee peu ^ 
Mao e RA die A oe, 
A PATO e 


b 
M Tell 





ri ión " 
T EL ES Pra tw Fa aretina Str: 
E E en KEE e LC eege 
eh A EE e NRI. en Y iren rb gr pde ird t rra arr m wre lay be D 
A AAA do TA T R Meel Sat in Sach ee r Porri =N 
Si " "p yn ” > A 
Rai cu e 
1 2 
"| v 
k 
d LT) 4 ŶN È ye ” 
st . e 
^ d DCH 2 X 
Ka s A a. I k e 
7 EE o " 4 ; E > p 
M y me D e 2. = 
= 12 BS! ES . È i d > E 
2 VIS - m 1 y Dra > (yd, Zéi 
e e 2 =. SE ib È "1 fte, 2 2 
A VELI k ^- e J P ren c 
Ge us z Tm W^ D CSC Wem >= "veste TÀ ek 
L - rf H 2 = Es un f = D E? = ora N e A T 
E bea pa P a d qe ga wi y e7 ` "X E d bet. 
È ry a ^ ja > a E. Ce T A rae D er ind". G A b “ a * + È "ur 
rar r 4 È La = " = F 2 bal Ei e E AX Me = r z 1 x Ge Gë 4 d ZS 
d qe Mx aw E MAA PvE: ysyt kp cu "CPC M " ' Per dee? PDA eni ICA Y pc En PARAR DT: MALAS A A AS ken E 
= - há Kë an is ce tr rt È TS POD Pe B rovc ME YN CN " Sn ^ oom dT E TITAN cia AA ^ Panem, pt a EC Pr de eeh E Bechet Met NE o P. Kies ; x 
D -a = aa ca. S IS ad g ye tyd y ai TU ww TPP oe Y rw E - Y in UL Wc << we aC ell, ge dn a brw Arb A Y Mr ry ee beet En Du di Zb Kätt Ask Ar diesen v y DU inediti pa a EK 
D d ma deli * rosta Lala Li rat wee EE pte H ka Zeit E tv nv PA «e A e bos dec moms a M TER i Ate, wl M EECH ET EECH bleu An ee ac. S J ar E ai ira ^n Cao Bore G a 42 setae Läb, t recu cedi <A 
IA ge AL Lentiai n 2 o O r ay a ente ege KR AA O Nr en EE ode t A A ydr dr TOT prc detta iero Lee edt inar eri rici A GG a d ge "Sech ` 
Dr o e E ara rm E gt SE ER FT eps pn p^ aet n Pirenei e e af " Ld a Remp maie x Gare A = RSA r Id EE A Ng br b nm ta aa = xe nia dere sr n : rd « E "d "T EN Car K ns 
ditelo TOO re eli uba Dra ape - A ar Po" A s ESA ES be rau VD RU UT S Our PEE v mų D A Mi wei Mrd aaa, on bd 2 aa LN T om cdd ve dyst rad mA erių KA Moti éeg v4 perte te 
baa d ro e RR E ew Me Medus E e x 3 N APA s 1 p - E CR 22 24 pM ev k pr. a ia as x E a ra IO rdd eb AU r tg wc bc AA a " 7 ea Ur 
a a Sa A ae TS APER EE RE SE cc ER TTI EE A O 
OS E a er Ar D " dic M e LE A : PZ my p f x 4 5 e p 4 e pe [vd » POE, "- En fwy) MAÌ Seidr s S aa o yw RESA e a'n i ` r 2 Y Le — 8 i ce 
arca ESTESE IE EIA ES ye un E g EE EE 
w^ eln =. - de «e Van EES? kg rd = T" "reg yA ~ rj — O O OO 2 e >" i a [ww - di E H mg tina a a aa TR a - ms tn GE E wë x O . t 2: ; ria 4 o : 
dada dealer CRAY EA RT RATA AIUTI Se EE Kai eh eet vm de t = RT “ae TIC AV no pia Perse ERI a eher EE E AE Ne Ee aU a vo qr ir id. artica ela 
i a 4 -+ edid p» aria TIRI ‘we A TO Ed vini adiac a MW hie + Ine E r T T «de a E ip A ode reote rgo ai awy pio rt. kra de € o e a EN e An a o ra Es 
min Ta on a. D TT `a gt zech rth dir EC EC wbd na net Pt 8 LAN bed MAW Se A Wei PEA AA A AA T yw rr y ri È ren wd tih Tap PES pe D in nde i p env, de rents x Lech pari ^ 2 a S x z . La en h S ^e 
arda EN EE gegen Ee Lët E LE o T P aa NE Cere rr e Dee SE EEN E a Me P Wer o n m oes Y ebr er er rela UD dir Lë dei elo rd deis iae" ie ser de a bo dd ANN tie see 
bd a d = ae AR iki a er el ledere wn as Mu gg fe EE d'r RI Sc "a y 4 ario so AA EL Dd a ate NC nnd "ned | ae o e Ch el y Aa RE Ge SE Ke ER i - e ot e: 
Ga eer Mer tem EE ege iù LANA NR in, ALI 2 ^ JA die e e? d e ER EE wr Ki Kee mel 5 is a det : ved de Cé E Man wc e piel nire Lr de stato ant det irs a dd 
O Merai aiddi Pel rir dy ed nd; rl A E E ha Cd Pa Rie ga Mdd N SITAM ls rada mb eet? n am “bb <l DM“ mw te Ste or Vb Ab. ug af e ^ erc, sah See! gti a. Adele | Ae? ee EE ee 
Regen E E wf Dt gr gg EE Wd — n i PIN A A ^ e se ER lp gg A! mero pe et e E keet tech ebe EE DCH subi A a a AMAIA y roo pp z e E T ee ee com d d beda nai a 
ardea a do iais erger ydyn O dpi pp: ro Bs it rega = bat i PE ath berg e ee ZC E cr eege db rb LU A A DCK echt ry ddn A A eg IA ee? pane e era 
A rar îr iid a AF S ae rec o> VE reni porro fr gran pr - Een preto sla V: edd RARI de LEA eh? e pudo p. deta pio dd ra gra LADA E o e? 
Net TIT ed di, ya NE. «etum eh dis ert DR "AF en - A a 7 n E S = Pn sa 8 A quar iip S EE E AO d Per = - eso a a a a DC a es Ge YDA Ny dd e 
been e lk DE) + "Ld. Wgd 9 fee Mi o 70 es Lun LM 27“ e "in^ to e LL " aedi: Pre - - ion - TD E Ber wn E mos HE, Y doy e er ee dentro lido fi 5 need dr, deeg x r n 
dd a ere arti tr A Kë gh ter tee EE nie EE Deeg ët ^n y "p br Xp n R "174 bi be AC RA th da profeta det oa bere, rr aa KA? Se SC Si ap a eee Les slp ege e ni 
kee EE Pr ore hd sad du Y Fy ht een E E A dai Ga A "er ydr yp ia, ^n V tà = a, ew — S [ | SKS Säz PRT u^ = a Kä è "bh a en O die Ag Af P T a e aei an n» md a si fer dp ka dyr Âr == 
i rr eri toni poggi EIA Sa Dei aaa rm CR if e GE ili O porto a SL DETE e Er vor = VI t Net HORIS igi. dp eA dr db A AS eti Ag meme p d carr de A Ee ter 
rt sin E m RR Keck deudor, da ae ET Er e SHA < ysy an pe "LP A an wee mero PAIA gf A > AR ARS IA is, ag a e she Age metier data A. ando oe D E 
db D. A adn am dia iwydd; urs ru ga ed DAMA bd e e. cir Led Es SE Pe " ma dari lines - ror ech ee EN "he o a Nn AR AE O ir eist Pario ag E Eder rn d AN 
dd. eil + myr AN MI fe Ne ld tA eode Plena m^ ar s RM tat Lage Pini nitro ea T YSU WN an we > CR na p be aisiais as E EC KC a had cd Y Zug “wio ddr dy dyg ci re eh e E x repo a dt Ur 
A ano Ža i var Je, lato niet s o Pet Pa cia a Kat emer A a SNA A A pre Te E en - M = E Tc * KC AE AA woes PRT a a e cw Choir Cn crio epr Ee el dgr RIA > Parera AS SA 
AA Me aos q, pe o e A 7 d “e es. „a | T us Lao." cus ef, a" LR A Er ela mec FN Wy hr " = . mus as Ca „p “r Vv + aee wa wer I Cn “>r " WW Pei ca Ge a mur ei eis sr a O 
Pesa et pr boa RA ni Aa De TN eeng maa Yi ydwi gai ass E r : cer B à x z SS LIS muet Wi DM Rydyn ddydd FD err Ps bi deen WN rag ceg s Ke A fd tî 
las AT ai éi O A yrr I AL O a fs dt: PDA parare pe dg : ^ "yu P ^ — AN ée ege t*r hr wio SE ww dch. NARA I 0 A OAS 
Fafe. Age Y Pym ydr Vacio e DI ads a ge ai Ee Sege arte > » sigle Pre" 7 mos pe 53 det; De den. ^ pete et Ar CERS E ias e a NGR AAA a ari to 
a” — | minia Jae at Ra We b4 bb a dE? a ina ST Le ddn Pri he ee ee "T^ 2 ka WË E „17 h A m D * WE TW EN E > „P CS: m a dn de a'n P Wy ag Ten = m^ PM a ; tai A a en = 
bd NR rn dit po ae klein, EE EE Rebeden EC A AS Loo WW ME m T Pow A m H wb y +e Wi all ee AV ete binds tt TA AAA ep ditti n er iq «edes vic Deng e "iene " gr Soe 
IA tea ee Neale Mab asai as, a “ Ve dch E pa A E Pr er y ay PCS ” ez A Ga P È eN 5 o "di En - r <r eb sega den Era ina Y S dU Su eck Felgen ^ei Be Ss am NN cw ege? 
Ve — x i to o e ELIO a o Vara gig err edet tra pila Eat ara r "r J hr P - aud » à E? Pado de erre E Y a died pen Bo Kë, ea eege EE gw eiui Na 
Lr ah m E ci, E re. eee pr A e Tp" Së “wr tege dch x had "pt rų Vine H Po ay rh dee e (eg erg ARAD A "p Fi 7 starai dos Fe dU En Sack? 
P ce A mb adh ira en Ju vn indus PAR W zb eg È Ee p P og m rs y Ma. q da m Kai: = Ce Wy Piet Arq" ffr cb a te "- ADA e a ba ma: pad e 
a a "a du i radiante dor Arsia ee Se i ee ee ee free Pn gf ed - = qe P ge wl mor roja e esie ai — er Men " SE: s^ A nat we e SD » E A ydr SC A me As ER Zeg, e ; E Ce cr EE es e Pied 
i Ma r A i = a We a e bags 99. riis Se E md Las eb fe " “eh y Bëbee Zeng m a az pai ^w "oto | I Us. > ra Ee 2 ve = | 
ap Sua = ^. e. m" xr E? m Lu een es a siue a" eiue A dn DN E r m R Ur on ri bei A È — La E Pa Tw w$ RA P ENK de A E aes Pai Cep eg L ni dee pa EE a Wr eA get dee Aem y AUN ergo pt rea Pr es tke ret ear E 
= aad, Mr n v "t da Faro =a nf atin likai. S T A Us PET 1 „va E LIU. > 1 - a "n P yc ALTE Wi Bara 7 b dis di. pets poo pe dr p dete ao a A 
D e. 2 < si CD Ms A YSW rn r r -X è “ a A = » ` A = a. wn Pr quA TA A i, ` | 
retata regi z= Kde Etgen A sed? Pad i-mien sa ab ëtt der E Mea a A P» E ta k » a = Geier: reg a- KEN eg nic eec nk rear Pide cban A icu nn li dii atsi ^ er 
«he eta bet ieri DN e PT pe dinde de e ee =p- PRIA ah deos A * e Ze = dy ony cyl pri E aros RI Dr wA decens pus ec Léen de a. epee roe teenie a 
nt n È lg ef “ar = Den Less a pr WEE — mw dr ciae eg "ds pi PRPS a e et 4 S: "rosa pev um A dd & ride At Wë Wey trote = rds to ete s 
in ETTE “ow K iaia det a S te we y rA eegen ZER m ay ^ei wet A Pasta koe A A Gar Cep Ae E i »- RU Ad ia k A GK D E Ki r SE < > a 
i NP S Re di nad re -— a EE are ra toi dA Oką ba y. vh ët y eo paje sa LA Us lr a A AA „rų y JC rs — wr A > eaa x > Za Së A = 
na Ml an A ca. A wv + ie Un. WR Wd Mn D A m e Im + "Me 7 2 Lu y P Ty De O SA — Pe vw P BW D UM "iris pm ir =“ S E Ga ^ an 
MITE dt II e dg Ae Sart Ser Slat o aa S pl. EW? > y x T bote ro- 0 " Mae seis, qid ua ti cde eA PALAS ds gd ra che seg ae bn 
LE rf PET je: o Pec: "= e. Kg Ph SC r e gek va Deng Ae 28 Os ge = > bay la E Ze E) p arte Ks LH EE e iure Am NN Kat ot E e millo > da ee ee ti Bois eS egt 
"el WEN d cr as A E LL T 6. G A WË 2772 a y P pe rt t pi Ge Made - in Ma be rr ta e = , È 2 
= > S jx m A. Sede baa = an aa Mas SH 24 AT Et e dag Wed E Be n = > Apės Ce IPA A V Ms a geg 2 = Sari zm ^ ES E een ia 
- a en P È J EM Cr ^. : np ës H À 5 n p E dy = N > andre > "49. de geg E ah = 2 bum e -^ - € 
d EE itus rw dr diy medd dydy'r dro vestire T s = be SS e d CR o aen gn d EL Agosaf ym rea re e el iU nch io AED Anis quiate [ora eie ble edyn yu 
de nali “ed bi wern bin ^B 3f SP stai ir er ria de 2 > H ^ Pt ei dei rasa A ia + gen E Ee Sr 5 Se Cen > id 
“a pr Ba d, E per MS ed a RE woe y ve ee ros es CN? CS ei $ P ^w A ie € P pe A MUNI ara wr: Ki KE A rk: a int aedes ^r y Genk dei er st 
ea a UA = Lu ridi E ED È y RES SCH 5 » p I qe aA Pe Pot až S ra a sŵ d pe 
- "e Pisis Dr EP a aba alll NP S LR Mus A? dede „A Fa sr - e a a v Ss si ind e RE Tee Pata pounds wA. * cU dech RTE O we Efe ve rd > 
^ ca A ea i S PS da T — ^ ie ¡o eo x EN P IT "1 ef si Ese E $ ZE A y ydr &, Me, " Sek y» oa y E q A << = 
^ br a oh WI La HEH KÉ h, ^ a Ued D M. Pa y acd € 5 ` «RES - mtn la AAA WEN Ze vo - 
d.a w^ 8 4 ^ a ra "> > P E 3 BN ES " T p Aa bierg. e 
Ee a iota tie cae ye Lu S es D Me a n : D ba sl : < ha XE y e PA ere rr a y e e “ WR ratto 
- la — Qu Agila --. bn P "hb x R = te e H à I att ^^ ka A a a Fr AT eer SAB 
LES A Wen Wb, a ea rr - Eus AR gês D iero n 4 em a - 5 E Dyg 4 e Le Fe gie y Ga S a. ei B $^ 
- mm A RA Lm P „2 “ "PP T e i E r” ndi a ym pan > Marge 2 È RO gua A 5 A à o = : 
m D ud ydh P Se sd y = N $ KL (er Ge Ga Lu o Za in. drn 2 M 
ces o NE LL «: — do È - € E WM ^ra Tas an D See Ce eg Zi z 
e a a w Ld ie - va gm wn A e wi eth v^ e y " Le x o “eyd i m — 5 ei e och nm e > ex 
2 M Së? 4 - a t â + | 
o» LP EN Za ee kä A „| a E w^ ve $^ n ar Ki EN Si < = ni : CH Los Ee 
rus Wer LA db d T Ka p“ Re P S e ER » Netta d tin ed T ES 
divo La e Neko A kat CN pito fe we ii ian ag te cs n a L 
= E nd ^w sy - a E D bet 7 - - 2 h > = A i = 
" arius i Pe 1 E së Le m cla di a dps "5 i X 4 
Mm aol Le zn LAMP NW ae è k D s a Dar: Ay P P ZS d T p E S 
CH ^ e Ld LI - » [1 SE 3 P Sls a T " à = Ce e a 
Tw “en, e sele E Dess KH = a x Y E ^ a f, H 
P SN SR. Catia KS Ee = Gs Géi c : z 4 j 
Ge? rm "a KS e = “ Ed = > E ^s, dn > 
e - pr x a te e ÉÍE m — i ee 
E e E Zz a y i E Ce 2 a a presta 
QA a - Ge e qu D = Da p > > 
s - mu a a Di w^ ^y d^ "i = 
a e kt WE = rs b A A "e 
un AN TES E - vige > 
2 D A 2 ke P: D 
Sm A ; PI - P 
- - - - > pr x - E ve 3 
DA? p R = = - : 
^w "ua -> ER 
pr Md e 3 d 
di - 
"| E 
ud ~~ 
KN - Ca m w 
de, "m = 
Ga - 
E ” 











NAVAL POSTGRADUATE SCHOOL 


Monterey, California 





THESIS 


ANGULAR DISTRIBUTION OF TRANSITION 
RADIATION 
IN THE SOFT X-RAY SPECTRUM 


by 
Yim, Chang-Ho 


December 1986 


Thesis Advisor John R. Neighbours 





Approved for public release; distribution is unlimited. 


1235044 





SECURITY CLASSIFICATION OF THIS PAGE 
REPORT DOCUMENTATION PAGE 
ta REPORT SECURITY CLASSIFICATION îb RESTRICTIVE MARKINGS 


INCIEASSIFIED 
2a SECURITY CLASSIFICATION AUTHORITY 






3 DISTRIBUTION / AVAILABILITY OF REPORT 
Approved for public release; 









2b DECLASSIFICATION / DOWNGRADING SCHEDULE Br um "REM 
BC IPIOSICIOD 15 unl im ES 





4 PERFORMING ORGANIZATION REPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S) 


l 


OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION 


(if applicable) 


Maeve rostecraduate School 61 
éc ADDRESS (City, State, and ZIP Code) ADDRESS (City, State, and ZIP Code) 


6b 









ba NAME OF PERFORMING ORGANIZATION 





NavaliFostrraduate: School 





Monterey, California 93943 - 5190 Montero Ca 9993 


9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 





Bb OFFICE SYMBOL 
(If applicabie) 





Ba NAME OF FUNDING /SPONSORING 
ORGANIZATION 








Sc. ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS 
PROGRAM PROJECT TASK WORK UNIT 
ELEMENT NO JNO NO ACCESSION NO 





13 TITLE (Include Security Ciats: fication) 
Brigular Distribution of Transition Radiation in the Soft X-Ray Spectrum 





|Q PERSONAL AUTHOR(S) 


| Van, Change so 
3a TYPE OF REPORT, 13b TIME COVERED 14 DATE OF REPORT, (Year, Month, Day) |15 PAGE COUNT 
Master's Thesi FROM TO eee o 





5 SUPPLEMENTARY NOTATION 


` COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and identify by biock number) 
FIELD SUB-GROUP Mb: A n — 
Enission angle, Angular distribution, Transition radiation 


cl | Soft x-ray, Interference, Muiltifoil stack,Raciation cone 


ABSTRACT (Continue on reverse if necessary and identify by block number) 


| The macular distribution Of transition radiation has been 

_ investigated theoretically and experimentally. The theoretical 

| prediction and the computer graphic analysis are presented in families 
of plots which illustrate the dependence of the intensity on the 

- emission angle. Although the experimental method used had limited 

| resolution, the optimum cone angles of the x-ray radiation were in 
agreement with the theoretical values. Problems encountered during the 
‘experiment are discussed for continuing work. This work may have 
several important applications in electron beam diagnostics. These 
'include monitoring of the beam emittance and energy. 


4 DISTRIBUTION/ AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION 
12] UNCLASSIFIED/UNLIMITED DD SAME AS RPT Moric USERS Unclassified 
2 NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Inciude Area Code) 


D FORM 1473, 84 MAR 83 APRedition may be used until exhausted SECURITY CLASSIFICATION OF THIS PAGE 
All other editions are obsolete. a 


Approved for public release; distribution is unlimited. 


Angular Distribution of Transition Radiation 
in the Soft X-Rav Spectrum 


by 


e 


Yim, Chang-Ho 
Major, Republic of Korea Army 
B.S., R.O.K. Military Academy, 1975 


Submitted in partial fulfillment of the 
requirements for the degree of 


NMUNSTERSODESGIENCE LIN PHYSICS 


from the 


NAVAL POSTGRADUATE SCHOOL 
December 1986 


ABSTRACT 


The angular distribution of transition radiation has been investigated 
theoretically and experimentally. The theoretical prediction and the computer graphic 
analvsis are presented in families of plots which illustrate the dependence of the 
intensity on the emission angle. Although the experimental method used had limited 
resolution, the optimum cone angles of the x-ray radiation were in agreement with the 
theoretical values. Problems encountered during the experiment are discussed for 
continuing work. This work may have several important applications in electron beam 


diagnostics. These include monitoring of the beam emittance and energy. 


TABLE OF CONTENTS 


n INTRODUCTION .........- 7. --""-"'IJI DI 10 
A. HISTORY .......... fra’ GÒL::L:]):] €] 10 

B. WHAT IS TRANSITION RADIAMO SNS TE 11 

C. 'MAIN CHARACTERISTICS 711177 a ————— 11 

D. PREVIOUS EXPERIMENTS ATI 1 I5 

E. PURPOSE ......... us EIL 10D ORE ; IS 

br THEORY ...............- 2128028222227 1 7 7 DD 14 
A. THEORETICAL REVIEW SS ——— Re'' u'eu' ''e'eree*e* MM 14 

B. GRAPHIC ANALYSIS BY COMPUTER 12111 28 

L Formation Length .... A 1 TEM 23 

2... Single Interface onno TT TT a], Zs 

3. Single Foil Interference ———  ''RÏ ”— 28 

4. Müitifoil [Interference e ee 29 

5. Overview... LL 31 

ELE THE EXPERIMENT . nr LL 39 
A. EXPERIMENIAL SEIUP EEN 39 

B. PROCEDURE ceecee a rr LL 4l 

IV. RESULTS AND CONCLUSIONS AN 47 
A... RESULTS ......... LL 47 

B. CONCLUSIONS oo 111111 111111 LL 50 
APPENDIX A: EXAMPLE PROGRAM FOR GRAPHIC ANALYSIS 172 52 
APPENDIX B: LINEAR ACCELERATOR UN THE NPS 3 — 721212 54 
APPENDIX C: MANSON GAS FLOW X-RAY DETECTOR 56 
APPENDIX D: DESIGN OF STACK o 58 
LIST OF REFERENCES ...... Mau LL 60 


INITIAL DISTRIBUTION LIST 


«ne 2 0 re 4 200 0 2604 0 4 4.4 0 000 0 dd 8 è dd n dd 6 à. 4 *9 ^ € $4 $49 €9 6$ 6 


LIST OF TABLES 


INTERFERENCE EFFECT FOR YARIOC T. 


* e è a è è è dd 0 4 8 8 e 9 0 e è © 6 6) CNE. 


COMPARISON OF THE ANGLES OF THE CONES ee 


LINAC SPECIFICATIONS EE 


e > © © è o o o 89 9 ses o so è o so 9 o è O O O O è * 


Li 
2.1] 
2.2 
2 


2.4 
25 


2.6 


2.7 


2.8 


p) 


210 
21 


El) 
EI 


2.14 


pl 


2.16 


2.17 


3.1 
22 
S 


AGT OF FIGURES 


Semematic diagram of the transition radiation cone ..................... 12 
Eras on radiation from a [01l tac me e EST» ER TT. 16 
iWicorchncal'coherenitransition radiation.. EES wé E au 17 
Comparison of angular distribution of coherent and incoherent 

AO PR e a Ar D 20 
lbicorchicalypredicte dispetti Mm ee eee nn 21 
The dependence of the formation length of vacuum spacing and 

E LAR One erussioN anglee nl n S 24 
The dependence of the formation length of vacuum spacing and 

AA A AN A o La 25 
Angular distribution of the formation length of the foil with the 

different pls mua E MeLoles a d 26 
Angular distribution of photon production of the single interface with 
MAr eS a i is aes 2 
Angular distribution of photon production of the single interface with 

Mac IMcnemieblasmasreguencles EE EE EEN 28 
i “alar distriounon oE the inrerlerence eflect op a single foi oes 29 
Angular distribution of the interference effect of a stack without 
(RIINA SOPHIE e 30 
iterierence and absorption with the different material$; s oe 
Comparison of contribution factor to the angular distribution of the 

PROTON A A A eI o verge 9 Urt da 33 
Comparison of the angular distribution of the photon production 

mm Nu es. ne various thickness ola single Toil m a a ea a nn 34 
Angular distribution of the photon production produced by the stack 

NOUS Res EE oen SEE Uo o cS pee ANE S ER 35 
Angular distribution of the photon production produced by the stack 

E ONS Se ACA Gu enu SUE na 36 
Comparison of the angular distribution of the photon production 

as dlos the stack ol various number ol [Onl a o s 27 
Angular distribution of the photon production produced by the stack E 
Edge unben of foils a M S d oe 38 
Dao mol he experimental apparatus EE a B 
Dee min EUS arse n ud c nM ES epic eps 40 
MES AS O A Fd 42 


(403 tw UG We 
4 


LJ 


L Uy 
ti n NO. CO JT C^ Cn 


L E 
OJ 


DAA pg + 
ME EE 


Target chamber and scintillator ........... ——e Ua 42 


Control room arrangement ............. LL . 43 
Block diagram of electronics. on ae T AO 44 
Mylar stack constructed ................. e 45 
Mount of stacks ..............veauuus SM hiee O iU ——— 45 
Schematic diagram of scanning... EEGENEN 46 
Spectrum obtained from Fe .............. EEN 47 
Spectrum obtained from the stack of $ mylar foils <me 72288 48 
Measured angular distribution with Y 127. nao 49 
Measured angular distribution with. Y 219] ———eO O'I 49 
NPS 100MeV linear accelerator experimental station E 54 
Electric field strength inside the detector o. m.e eean 56 
Detector window ............4. 22299227979 e —— Iu S 
Construction of stack . CN... EEN 58 


ACKNOWLEDGEMENTS 


I am grateful to my thesis advisor, Professor John R. Neighbours and my second 
reader, Professor Fred R. Buskirk, for their guidance and instructions in completing 
this thesis work. 

Special thanks are due to Dr. M. A. Piestrup, who is a Senior Research Associate 
in the Department of Electrical Engineering, Stanford University in the field of free- 
electron lasers and the president of Adelphi Technology, initiated the experiment and 
gave helpful comments. 

I also would like to acknowledge the support by Mr. Don Snyder who gave all 
the assistances for my experimental work concerned with LINAC. 

A very special thanks to my wife and children, Young-Ja, Do-Ran and Hong-Jae, 
for their typing, editing this thesis and being patient for two and half years in the 


United States of America. 


I. INTRODUCTION 


A. HISTORY 

While theoreticians in the USSR intensivelv studied Cerenkov radiation [Ref. 1], 
V. L. Ginsburg and I. M. Frank observed a radiation produced with a continuous 
spectrum stretching from the longest wave to ultraviolet waves when a uniformly 
moving charged particle traversed the interface of two media, in particular, from the 
vacuum into a metal. This radiation was described as a transition radiation and, in 
order to explain the nature of this phenomenon, the theory of radiation of the electron 
from vacuum into a perfect conductor was derived for a single interface. [Ref. 2] 
Although transition radiation was predicted in 1946 and investigated in extensive 
theoretical studies since then, 1t did not receive adequate attention through the years 
because the radiation vield produced from a single interface is very weak [Ref. 3]. 

In 1958, G. M. Garibyan predicted that the total transition radiation yield is 
proportional to the energy of the moving particle, causing interests to be renewed in 
the application of this property to the identification of high-energy particles and to 
astrophysics [Refs. 1,4: pp. 3644,1306]. Due to the low intensity of the radiation, I. M. 
Frank suggested the use of a stack of foils rather than a single one, and the use of such 
a stack became very important for the identification of high-energy particles. 
[Refs. 1,5: pp. 3644,1 794) 

After R. F. Arutyunyan and others observed x-rav transition radiation in 1962, 
E. S. Belvakov and others observed the interference effect of transition radiation in the 
hard x-ray region. But difficulty in finding the experimental evidence due to the large 
background level in this region delaved the study of the x-ray interference effect in 
transition radiation [Refs. 1,6,7]. 

In recent years, rather than thick foils which were used to produce hard x-rays, 
thin foils that produce soft x-ray transition radiation were considered [Ref. 8]. But, an 
impasse is reached, since as the intensity of the transition x-rays is increased bv a 
multifoil stack, the absorption of the x-ravs is also increased [Ref. 7: p. 1773]. Much 


work has been done in an attempt to solve the problem of a stack with some success. 
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B. WHAT IS TRANSITION RADIATION? 

It may be seen, by the laws of conservation of energy and momentum, that a 
charged particle moving uniformly in a homogeneous medium does not radiate 
electromagnetic waves. Exceptionally an electron moving uniformly in a homogeneous 
medium radiates when its velocity is faster than the phase velocity of light through the 
same medium, as it 1s well known, which is Cerenkov radiation. [Ref. 3: p. 194] 

In a medium the radiation depends not only on the velocity of the particle but 
also on the optical properties of this medium. A charged particle, moving uniformly, 
radiates if the properties of the medium vary along its path, that is, it radiates when 
crossing the boundary between two different dielectric media. [Ref. 3: p. 195] 

Transition radiation is the electromagnetic radiation which is emitted when a 
uniformly moving charged particle traverses from one medium into another with a different 
dielectric constant. More generally the effect will occur in the presence of heterogeneitv 
ina medium. [Ref. 2: p. 353] Although transition radiation can be considered as a kind 
of Cerenkov radiation and is closely associated with the Cerenkov effect, the 
generation mechanism of transition radiation is different, because transition radiation 
occurs for any arbitrary velocity of a charged particle while Cerenkov radiation 
depends primarily on the particle velocity being heigher than the velocity of light. 
Transition radiation, whose intensity is strongly dependent on the energy of the 
charged particle, is angular dependent. [Ref. 2: p. 353] 

For ultra-relativistic particles, E/mc?*=y much greater than unity, the major part 
of the radiated energy is in the x-ray region, and for a single boundary the radiation 
vield produced by an individual electron is very weak; on the order of one photon for a 
hundred electrons. Therefore, a stack of foils rather than a single one is used in most 


practical observations of the effect. [Ref. 6] 


C. MAIN CHARACTERISTICS 
Transition radiation is characterized by several features: 

(1) The emission angle between the photons and the moving charged particles is 
given by 9~1/y . For the ordinary incoherent transition radiation with 
y € 107, radiated photons will be well collimated with a small emission angle 
Is igure LI). [Ref 6: B. 3] 

(2) The total integrated energy is proportional to y. The application of this 
property is the main goal for high-energy particle detection. [Ref. 6: p. 9] 
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(4) 


In the case of a periodic medium, an rx phase difference is the condition for 
constructive interference or resonance between radiation produced at 
successive interfaces, where r is an positive integer . 

The radiation is polarized in the plane containing the particle velocity vector 


and the wave propagation vector. 


Cerenkov radiation has characteristics (1) and (4). 


FOIL STACK 


ELECTRON BEAM 


The transition radiation cone is produced bv a relativistic electron beam 
assing through a stack of multifoil. The anglé of the cone, 0, depends upon 
he incident enerav or che electron EE Aa: 





Figure 1.1 Schematic diagram of the transition radiation cone. 


D. PREVIOUS EXPERIMENTS AT NPS 

Only one experiment considering transition radiation has been conducted by 
Professor Fred R. Buskirk and others in the Naval Postgraduate school since the 
LINAC was established. The experiment was aimed to verify that transition radiation 
is a source of x-rays in the spectral range of $00eV-1000eV. Targets of Al, Be, and 
Mylar were used. To keep the thin foils flat without wrinkles, relatively thick spacers 
of stainless steel of 1.5mm thickness and aluminum of 0.51mm thickness were chosen. 
The foil stacks produced both transition radiation and bremsstrahlung radiation. 
Single foils with a thickness equivalent to M foils were used to obtain and subtract the 
bremsstrahlung background radiation from the transition radiation produced bv the 
stack of multifoils. The results were that the bremsstrahlung was too high and 
bandwidth of the measured curves was too broad, because there was other background 
noise in addition to the bremsstrahlung. However the position of the peak value of the 


spectrum agreed with the expected one. [Ref. 7: pp. 1775-1776] 


E. PURPOSE 

The object of this experiment is to obtain the soft x-ray spectrum from a stack of 
thin foils of mylar. The spectrum is calibrated and distinguished by comparison to the 
spectrum of Fe?? which decays to Mn?? through the electron capture, which radiates x- 
ray of the peak energy 6KeV. Primary effort should be focused on noise reduction, as 
learned from previous work, and to scan to get the angular distribution of the radiation 


and the interference effect, using a much thinner spacers than those used previously. 
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M THEORY 


A. THEORETICAL REVIEW 

The theoretical expression for the spectral intensity of transition radiation iš 
somewhat complicated. However, in order to do this experiment, a detailed review of 
the fundamental derivation is not necessary. The basic formula (equation 2.1) is 
analyzed as a multiplied function of three different functions, for example F(0,0), 
EWA ande AX) 

The number of photons produced per unit frequency and per unit solid angle 
from a single electron crossing M foil pairs ( i.e. 2 M interfaces), each composed of 


two materials of thickness t and t, is given bv [Refs. 4,9]: 


N di MM MU 
= — 4sin-(——) F(MI,X), (2.1) 
dí3do dOdo DS 


deg 








where the term 


dE? _ “sin D 5 y 
dOdo 16m%? l 





„V 


describes the intensity of the radiation generated from a single interface between 
vacuum and a material. The sin"0 function and the 9 dependence of (Z, - 2 gives 
the shape of the radiation cone, and Z, and Z, are defined as formation lengths [Ref. 5] 


given bv: 


E a (2.3) 
BEE sin?0 9] E 


where |. p : v/c 


v : the speed of electron 
c : the speed of light in a medium 
EE 


cable (o. or : the permittivity of the dielectric medium 
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(.: the plasma frequency 


Q : the photon frequency 


e 


: the fine structure constant (approximately 1/137) 
n 
UN po 
the ratio of the electron energy to its rest energy (E, Eo) 


in MKS units. The parameter X is given by: 


o L, 
Seck, + (2.4) 
Zi Z, 


Using the small angle approximation sin8 — 0 and PB =1-1/2y? by binomial expansion, 


equation 2.3 can be easily transformed to: 


7 = AM a 
(Ly)? + 8° + (aa) ’ (2.5 


which agrees with the equation given by M. L. Cherry in [Ref. 5], where 4’ = c'o. 
Substituting equation 2.5 into the equation 2.2 and differentiating with respect 
to @ (where sin8~ 8), the optimizing angle of the cone where transition radiation from 


an electron crossing a single interface is most intense is derived to be [Ref. 9: p. 1290]: 


l V 
S TM > M8, + 4, y - 128,8, -(8, + 8,), (2.6) 
where ò. = [(1/Y)? + ( o. ol? with i= 1, 2. For the case of a foil stack in vacuum, 


€, — O, equation 2.6 becomes (see Figure 1.1 and 2.1): 


UC vy. 7) 


The second term of equation 2.1 , 4sin*(L,/Z, ), accounts for coherent addition of 
amplitudes from the two interfaces of a single foil. This term contributes to the 


. . . MD 
maximum intensity when sin“( CZ.) = Į. 
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The radiation iş radiated in a small cone of half angle 0 — l;y with respect to 

the direction of the moving electron beam. The figure shows how the coherent 

T differs from the incoherent radiation. For an electron energy 653 MeV, 
lL. y= 7.9mrad. 





Figure 2.1 Transition radiation from a foil stack. 


From equation 2.1 which is the differential efficiency, the factor taking into 


account interference between radiation from successive foils is given by [Ref. 9]: 


F(M.X) = 1+exp(-Mo)-2exp(-Mo'2)cos(2MX) (2.8) 
(7 | t exp( - 9 ) - 2exp(-6, 2)cos(2X) | u 


with o = He, + u,£,, where Mi is the absorption coefficient of medium 1, 2 (for 
vacuum spacing, H, = 0). 
At high photon energies, x-ray absorption becomes negligible. In this case 


equation 2.8 becomes: 
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sinž( MX) 
EN —— (2.9) 
sin (X) 


So that the multi-foil expression, eguation 2.1 reduces to that derived by G. M. 
Garibvan: [Ref. 4] 











d^N d^N e sin MX 
= — dsin*(—-) ( ya 


a 
dQdo dOdo D. sinX 2 
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This figures are the theoretical transition radiation gewn for the two foil 
stack with the spacing of 0.003”, the foil thickness of 2.5u4m, and y = 127. 





Figure 2.2 Theoretical coherent transition radiation. 
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In this formulation, the more rapid variation of the intensity is indicated by the 
third term, [(sinMX), (sinX)J*, considered as a interference term. A simple inspection of 
that term shows that as M increases, the bandwidth of the maxima becomes smaller 
and more defined. That is, the curve of the angular distribution varies much more 
rapidly compared with the single interface term as shown in Figure 2.3. The principle 


maxima of eguation 2.9 occur when: 
X = rr, (2100) 


where r is positive integer. Further information is shown in Table 1. 


INDIA 
INTERFERENCE EFFECIEOROANTO O 


principle maxima 


2nd maxima 


minima (or zeros) 





The value of sinMX/sinX at a maximum is inspected as: 


(im sinMX 
X—err sinX 





E (2.12) 
€. 


Equation 2.12, since it is undefined by using L’Hopital’s rule, can be written by: 


fim McosMX _ 


M, (2.13) 
Nor COSA 


where r is integer. Hence the intensity ( ie. relative photon number ) at maxima 
increases as M^, that is: 

3 7 
d“ 


= M?. (2.14) 





For a periodic stack of dielectrics, the foil thickness at which the maximum 
photon production occurs can be easily calculated. As seen above, the maximum 


photon production occurs for X = rr, substituting for X from equation 2.4 gives: 


e 
X=1+ 
Ly 


d 


< 


IE (2.15) 


| 
I 


N 
t2 


Also, a single foil interference term, sin?(¢,/Z,), contributes to the maximum photon 


production for: 


fz ( L) (2.16) 
-= = m -= TU. de 
Z 2 
or: 
l > 
L = (m- 5 ës (2.17) 
l 
O =(r-m+ ^. (2.18) 


where r and m are positive integers ( mSr ). Thus, there is emission at the interface if 
the material thickness of both sides of the interface is of the order of Z, and Z,, or of 


the order of Z, in a vacuum with spacing of the order of Z,. 
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Ihe coherent radiauon and the incoherent radiation are compared in this 
figure. To obtain this soft x-rav of about IKeV, a x-rav detector with a small 
window should be used acrossing the radiation cone. [Ref. o 





Figure 2.3 Comparison of angular distribution of coherent and incoherent radiation.. 


For an ultrarelativistic electron beam, the formation length Z,, the vacuum 


spacing, is simplified to: 


Sh’ 
Zl ——— (2.00) 
ND ar UN 


or when O, =0 
Zi ~ Lo (2.20) 
where O, = 0 for vacuum. 
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Equation 2.18 1s a critical requirement for vacuum spacing for C Z Z,, therefore: 


(2.21) 


0.5 um 
io mm 


X LS m 


2.0 pm 
X 


N 


2.3 um 


( NUMBER OF PHOTONS /eV/ ELECTRON ) 1 109 


| 2 3 4 
PHOTON ENERGY IN KeV 


o 


This figure shows the theoretical x-rav production from stacks of various 
thickness of foils. Mvlar stacks, of 25 foils 1s used. Deam energv is 100 MeV, 
the, separation 1s 0.5lmm. As. the thickness varies, the peak of the radiation 


varies in amplitude and in position [Ref. 9]. 


Figure 2.4 Theoretically predicted spectrum. 


From equation 2.10 and 2.17, sin (eZ) = 1, the phase difference 


Whereupon equation 2.10 becomes: 


dN dN, | sinvix 5 
— 4 E 

















o | 2:27 
dOdo  dOdo sinX (2.22) 
Comparing equation 2.22 to equation 2.14 gives: 
d°N Pe 
= IM” (2.281) 
dQda dOdo 


Thus, by selecting the foil thickness to be given by eguation 2.17 and eguation 2.18, it 
is seen that the peak of the spectral intensitv varies as the square of the number of 
interfaces, that is: 
d°N 
dQda 


^ 


oc (2M. (2.24) 





On the other hand, when the losses by absorption of the foils are considered, the 


average value of equation 2.8 is given by [Ref. 10]: 


|-exp(-M6) 
EF O — — (2.5 
6 


and taking differentiating with respect to M and taking the first two terms of the 
exponential series gives M ^ 2/6, since 4, =0 for the vacuum. The number of foils can 
be chosen bv: 


MS2.p,e (2.26) 


> 


For the in-phase addition, the change of electron direction by scattering should 
be less than the radiation cone without scattering. The angular width without 


scattering is given by [Ref. 9: p. 1291]: 
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AQ EM 8 (2.27) 
` DEDE 


where À is the wavelength of the radiation. 

From condition equation 2.24, the peak of the intensity structure added by the 
interference is proportional to the square of the number of interfaces, while the spectral 
and angular bandwidths are inversely proportional to the number of foils. Also the 
angular bandwidth depends on the foil thickness, the spacing distance and the 
wavelength of radiation. For the given foil thickness, the wavelength and the number 
of foils, the angular bandwidth increases as the separation decreased. That is why the 


delicate thin spacers are used in this experiment. 


B. GRAPHIC ANALYSIS BY COMPUTER 

For the purpose of analvsis of the expression for the x-ray radiation intensity 
(equation 2.1) many approximations have been made as seen in the previous section 
which 1s the mathematical summarv. 

In this section, computer graphics are used to make the differential form of 
intensity of the x-ray radiation for a periodic radiation of M foils with the thickness b 
and the spacing €, visual by using as few approximations as possible. An example 
computer program in FORTRAN language is introduced in Appendix A. In most 
case, the same parameters as they are used in the experiment are used to get as manv 
predictions as possible, concentrating on the angular distribution. 

I. Formation Length 

Physically, the formation length, in a given medium between particle and 
radiated photon, is of the order of the photon wavelength. The transition radiation 
intensity depends on the formation length as follows: 

(a) The intensity of the single interface (the first term of eguation 2.1) depends on 

(Au 

(b) The single foil interference (the second term of equation 2.1)depends on €,/Z,. 
(c) The multi-foil interference (the third term of equation 2.1) depends on X = 

MA 

The formation length is the function of y, the emission angle, the plasma frequency 


and the radiation freguency. 
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Figure 2.5 The dependence of the formation length of vacuum spacing and mylar 
on the emission angle. 

Figure 2.5 shows the dependence of the formation length of vacuum (@, =0) 
and mylar (E,= 24.4eV) on emission angle for a photon energy E= 1.2keV which is an 
arbitrary value and Y= 127. As seen in Figure 2.5, the formation length is inverselv 
proportional to the square of emission angle, that is why the formation length Z has a 
maximum value at 0 — 0 in the angular distribution. For comparison, the dependence 
of the formation length on the photon energy is shown in Figure 2.6. Figure 2.7 shows 
the dependence of the formation length on plasma energies of mylar (E, = 24.4eV) and 
Alununum (E, = 15.38eV) for E > 2 AE 
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Figure 2.6 The dependence of the formation length of vacuum spacing and mylar foil 
on the photon energy. 
2. Single Interface 
The first part of the equation 2.1 is due to the intensity of the single interface 
radiation. The transition radiation generated at a single interface can not be observed 
experimentally. In practice, the particle passes at least two interfaces. But this term can 
be used to analyze as a typical transition radiation yield. Figures 2.8 and 2.9 show the 
angular distribution of the x-ray intensity produced from the single interface, which is 


contributed by the term (a an oe a 
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Figure 2.7 Angular distribution of the formation length of the foil with the different 
plasma energies. 

As seen in Figure 2.8, the relative intensity is higher and more directional for 
the higher energy. For this Figure, E = 1.2 keV and Bj — 24:9 e V zte muse NU 
peaks of the radiation cone can be calculated from equation 2.6 or equation 2.7. 
However, the practical angular peaks differs somewhat from the calculated 0 pt' since 
equations 2.6 and 2.7 are derived only for the single interface which does not depend 


on the foil thickness. 
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Figure 2.8 Angular distribution of photon production of the single interface 
with the different beam energies. 
Figure 2.9 compares the difference in the angular distribution depending on 
the plasma frequency (24.4eV for mylar, 15.8eV for aluminum). As the plasma 
frequency of the medium increases, the peak angle of the radiation cone decreases and 


the intensity of the radiation becomes brighter. 


0.8 1.0 1.2 


0.6 


0.4 


a 
DI 
> 
E] 
Es 
o 
Si 
a, 
> 
= 
D 
Z. 
i 
= 
= 


0.2 


-0.05-0.04 —0.03 -0.02 0.00 000 001 002 003 0.04 0.05 
ANGLE IN RAD 





Figure 2.9 Angular distribution of photon production of the single interface 
with the different plasma frequencies. 
3. Single Foil Interference 
The second term sins zo in equation 2.1] represents the interiereiice Ol 

single foil with the thickness of t. and oscillates rapidly as compared to the range in 
which the first term of equation 2.1 varies as shown in Figure 2.10. The oscillation is 
more rapid for the range of foil thickness that is much greater than the formation 
length of the foil, 0, > > Z.. 
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Figure 2.10 Angular distribution of the interference effect of a single foil. 


4. Multifoil Interference 
Multifoil interference is represented by the third term of equation 2.1. This 
term behaves like a pure interference term if the absorption of the medium is negligible 
as shown in Figure 2.11. In fact, the absorption is negligible only for the high photon 
energy. The absorption of the medium can not be neglected in the soft x-rav range; so 
equation 2.8 is considered as it is, where o=p,€, + p, To see the apparent 
difference, the frequency distribution of the multi-foil interference effect is shown in 


Isipure 2.12. 
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The parameters of the 8-mvlar foil stack are used with the thickness of 2.5um, 
the vacuum spacing of 0.003”, and y = 127 in this figure. 


Figure 2.11 Angular distribution of the interference effect of a stack without 
absorption and with absorption. 
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Both figures shows the effect of K-edge absorption on the transition-radiation 
spectrum for 65 MeV electrons. Mylar has the L and K edges at 280eV and 530eV 
while aluminum has the K-edge at 1.6keV. Since there is a large increase of the 
absorption above the edges, by choosing the material of the foil the spectrum can be 
narrowed due to the sudden change in x-rav absorption at the K and L 
photoabsorption edges in the material. 

5. Overview 

The expression of the differential intensity of transition radiation is composed 
of three main factors as shown in Figure 2.13. As the y varies, the radiation peak 
varies not only in intensity, but also in position as seen in Figure 2.8. 

Figure 2.14 shows the angular distribution of the photon production by the 
stack of a single foil of mylar (@, = 24.4eV) for the various thickness, for the spacing of 
0.003” and y = 127. The spectral vield from the radiation and the peak emission angle 
is closely related to the thickness of the foil. The optimizing emission angle of the 
Figure 2.14 and 2.15 are somewhat different from the calculated value from equation 
2.7 since equation 2.7 was obtained without considering the foil. In practice, to get the 
precise optimizing emission angle while considering the thickness of foil 1s very difficult. 
The difficulty can be overcame bv the numerical methods using a computer. 

Figure 2.16 shows the angular distribution of the photon production from the 
stacks of 4 mwvlar foils of the thickness of 2.5m for y=127, for spacings of 0.001”, 
0.003" and 0.006" respectively. The intensity does not change very much depending on 
the spacing, but the interference pattern depends significantly on the spacing through 
the third term of equation 2.1 with X=L/Z, + €,/Z,. As the spacing increases, the 
oscillation of the radiation becomes rapid considerably and the angular width 
decreases. 

When the absorption of the foil is negligible, the intensity of the photon 
production is closely proportional to the square of the number of interfaces (2M) as 
shown in Figure 2.17 which is plotted from the equation 2.10 for the E=1.2eV. For 
the soft x-ray region the absorption through the medium should be considered as 
mentioned previously. 

Figure 2.18 shows the angular distribution of the photon production through 
the mylar for the various number of foils, for the radiation frequency E = 1.2 eV, the 
foil thickness of 2.5 jm, the spacing 0.003” and y = 127. The intensity of the photon 


production does not increase in proportion to the square of the number of interfaces, 
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Figure 2.12 [nterference and absorption with the different materials. 
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Figure 2.13 Comparison of contribution factor to the angular distribution of the 
photon production. 
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since as the number of foils increases, the loss due to x-ray absorption also increases, 
but the increase will stop at a certain number of foils because of the equation 2.26. 
The angular structure becomes progressively narrower as the number of foils increases, 


but there is no significant shift of the angular position of the each structure. 
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Figure 2.14 Comparison of the angular distribution of the photon production 
produced by the various thickness of a single foil. 
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Figure 2.15 Angular distribution of the photon BIO ea produced by the stack 
of various thickness of foils 
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Figure 2.16 Angular distribution of the photon production produced by the stack 
of various spacing. 
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These curves show the change of the theoretical x-rav production from the 
stacks of various number of mylar foils for the thickness of 2.5f1m, the 
vacuum spacing of 0.003”, and thé beam energy is 65MeV. The absorption of 
the mvlar foil and vacuum spacing are assumed to be negligible so that the 
peak of the radiation increases as the square of the number of foils. 
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Figure 2.18. Angular distribution of the photon production produced by the stack 
of various number of foils. 


III. THE EXPERIMENT 


A. EXPERIMENTAL SETUP 
This experiment was performed using medium energy charged particles produced 


bv the electron linear accelerator (LINAC) at the Naval Postgraduate School (see 
Appendix B for detailed information). Figure 3.1 shows a schematic diagram of the 


experimental apparatus. The electrons emerge from the LINAC into the experimental 
the 


chamber which contains the foil stack and the x-ray detector. After exiting 
the 


experimental chamber the electrons strike the scintillation detector connected to 


integrator before entering the beam dump. 
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Figure 3.1 Diagram of the experimental apparatus. 
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Figure 3.2 Dump magnets. 


A permanent magnet and an electro-magnet were used to bend the electron beam 
after passing through the stack for the first time. [t is necessary to bend the charged 
particle beam out of the forward cone of the transition radiation with a strong 
magnetic field when using an x-ray detector, since both particle and the transition x- 
rays traverse the detector window simultaneously, unless the particle is deflected after 
passing through the stack. The red colored strong permanent magnet was set to bend 
the electron beam out 20%. Phosphor screens were set inside the chamber and in the 
front of the dump hole in order to trace and align the electron beam. Figure 3.2 shows 
the dump magnets, which is the red colored strong permanent magnet used in the 
experiment. 

A flowing gas x-ray detector manufactured by the Manson company was used to 


detect the photons produced as transition radiation. A photograph of the detector is 
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shown in Figure 3.3. The electrons which are separated from the gas molecules by the 
absorption of a photon gain energy from the collision and the electric field as shown in 
Figure C.l. The detector is comprised of a central anode wire surrounded by a 
cylindrical cathode which is grounded. Since the field near the anode varies inverselv 
as the radial coordinate of the electron, the energy gained between collisions from the 
field rapidly increases as the electron approaches the anode. 

The performance characteristics of the detector depend on the gas pressure, 
therefore constant gas pressure is important during a set of experiments. More detailed 
information about the Manson gas flow x-ray detector is given in Appendix C. 

In order to monitor and assure the constant total charge for each measurement, 
the scintillator seen in Figure 3.4 was mounted behind the proportional counter and an 
integrator was used as shown in Figure 3.5. The integrator accepts either pulsed or 
continuous currents as an input and produces a series of digital output pulses whose 
number is linearly proportional to the accumulated charge. These output pulses are 
connected to the multichannel analvzer to control it externally by the dwell time during 
scanning. 

The multichannel analyzer used in this experiment has data processing 
capabilities. It performs in two analysis modes: 

(1) Pulse Height Analysis (PHA) mode gives the frequency distribution of 
spectrum. 
(2) Multichannel scaling (MCA) mode gives the angular or spatial distribution. 
A block diagram of the electronics apparatus is shown in Figure 3.6. 

For this experiment, mylar stacks with thickness of 2.5Mm were designed and 
constructed as shown in Figure 3.7 and in Appendix D. These 2.5m mylars were 
separated by 0.003” shim steels and 0.001” shim steels. The assembly itself is relatively 
easy. All the difficulties were caused by the very thin spacer and mvlars, but 
ventilating holes in the steel shims were not necessary. The mounted stacks for this 


experiment are all shown in Figure 3.8. 


B. PROCEDURE 

The first step of this experiment was done to investigate the frequency 
distribution of transition radiation, and the second step of the experiment was to study 
the angular distribution of the transition radiation and coherent addition effect. The 


experimental arrangement is similar to that used in [Ref. 7: p.1775]. 
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Figure 3.3 Manson gas flow x-ray detector. 





Figure 3.4 Target chamber and scintillator. 
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This Figure shows MCA, high voltage supply. oscilloscope, integrator, and a 
computer terminal to control the speed of motor driving. 





Figure 3.5 Control room arrangement. 


As shown in Figure 3.1, accelerated electrons enter from the left-hand side of 
Figure 3.1 to a target chamber, where they pass through the foil stack and a permanent 
magnet. the electron beam 1s deflected by a dump magnet out of the forward cone of 
transition radiation and away from the proportional counter, and then the beam goes 
through the scintillator and is absorbed into the beam dumping earth. 

First of all, calibration of the detector position was required in order to determune 
the relation between the digital counts of the motor driver and the actual position or 
angle of the detector window. The calibration of the detector position was 80 turns per 
inch movement. 

An Fe?? radioactive source, which radiates 6keV x-rays and has a 3keV escape 
peak (as will be seen in the next chapter) was used to calibrate the peak of the x-rav 
spectrum. These two peaks give the calibration of the multichannel analyzer, actually 
of the pulse height analvzer (PHA) in this case. Using this calibration, the energy level 


of each spectrum peak from different kind of stacks could be easily calculated. 





Figure 3.7 Mylar stack constructed. 





Figure 3.8 Mount of stacks. 
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Figure 3.9 Schematic diagram of scanning. 





Before scanning, the MCA was set in the mode of multichannel scaling (MCA) 
to obtain the curve representing frequencv of occurance vs. elapsed time. This MCS 
analvsis is very well programmed to study this particular distribution of events vs. 
time, here the time means the dwell time which is governed by the integrator. Then the 
detector was moved up and down between the calculated edges of the radiation cone 
passing through the center, allowing the transition radiation cones to be scanned as 
shown in Figure 3.9. For the detector to resolve the cone of radiation, the dimension of 
the detector slit should be small relatively to the dimension of the cone radius. Since it 
was relatively large with a width of 1/8”, a collimator with a hole of 3/32” was designed 
and tested. At first, Al was used as a material for the collimator, but x-ray fluorescence 
gave another problem. This will be discussed in the next chapter. Therefore to stop the 


x-ray fluorescence the collimator was made of lead. 
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IV. RESULTS AND CONCLUSIONS 


A. | RESULTS 

The spectrum from the Fe??, which has 3keV and okeV peaks, is shown in Figure 
4.1. Figure 4.2 shows the measured spectrum from a stack of $ mitlar foils) cach Wit 
thickness of 2.5jtm. The peak of the spectrum shown in Figure 4.2 is 1.8keV. 

Figure 4.3 shows the measured angular distribution with the stack of 8 mylar 


foils which has a spacing of 0.003” and thickness of 2.5 jtm, for the beam energy of 
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Figure 4.1 Spectrum obtained from Fe. 
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Ihe thickness. of the, foil is 2.5um and the beam energv is 65MeV. The 
Em will be discriminated against for energies less than 0.5keV and larger 
than 3.5keV, since_those portions are composed, of large amounts of 
background noise. Only the energy range between 0.5keV and 3.5keV will be 
used Tor scanning. 


Figure 4.2 Spectrum obtained from the stack of 8 mylar foils. 


The center of the cone was not seen in this case. The possible reasons for that 
are: 
(1) The size of the detector window as seen in Figure C.2 was not small enough to 
resolve the valley at the center. It was 2.3 mrad x 7.5mrad. 
(2) The detector might be shaded by the edge of the narrow (1.25" diameter) pipe 
as seen in Figure 3.1. 
In order to avoid these problems, a 3/32” diameter iris was installed on the 
proportional counter, and the beam energy was increased from 65MeV to 98MeV. [he 
latter reduced the size of the transition radiation cone allowing the cone to pass 
unobstructed through the narrow pipe. Thus the transition radiation cone was 


observed as seen in Figure 4.4. This is the second observation of the cone of transition 


radiation [Ref. 10]. 
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Figure 4.3 Measured angular distribution with y= 127. 





Figure 4.4 Measured angular distribution with y= 191. 
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TABLE 2 
COMEPEARDONORTHE ANGLES OF THE CONE 


peak calculated measured 
photon enenergy peak angle peak angle 


B 


1.38keV 6.4mrad 5.8mrad 


1.SOkeV 4.4mrad 4.7mrad 





Table 2 lists the peak angles with respect to the electron beam axis, which are 
measured from Figures 4.3 and 4.4, and compares them with the values calculated from 
equation 2.6. The measured peak values match the calculated values within 10 % 
error. 

The measured curves for the periodic stacks shown in Figures 4.3 and 4.4 do not 
show the coherence effect predicted in the Chapter II with possibly two exceptions. 
Several peaks were observed, as shown in Figure 4.4. However, these were not 
reproducible. Possible reasons for not seeing the resonance effect more clearly are 
listed in the next section. 

The predicted angular distribution curves should not necessarily fit the measured 
curve in the experiment, since in the experiment the photon energy was integrated from 
500eV up to 3500eV while in the prediction a photon energy near the peak of the 
spectral distribution was selected. The computer program should expand to include this 


integration. 


B. CONCLUSIONS 

The transition radiation cone as measured in these experiments confirms the 
theoretical predictions quite well even though there is the possibility of the detector not 
passing through the central axis of the cone. 

At the lower electron beam energies the cone was not seen. This further indicates 
that elastic scattering affected the resonance effect since the scattering is greater at 


lower electron energies. 
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The fine structure of the angular distribution of the radiation could not be 


resolved. Possible reasons for not seeing the coherence effect are: 


(1) 


The electrons are being elastically scattered by the foils causing the photons to 
go off in the different directions, thus there is no phase addition. 

Inaccuracy of the foil thickness and nonuniformity of the steel spacing caused 
bv the wrinkles in the foils prevent the phase addition between foils. 

Angular resolution of the detector may have been larger than the angular 


width of the spikes. 


This work may have several possible applications to particle beam diagnostics. 


For example: 


(1) 


(2) 


(1) 


The peak to valley ratio of the resonance cone of the transition radiation can 
be used to monitor the electron beam emittance, since the ratio approaches 
unitv when the divergence of the beam increases [Refs. 1,6]. 

The apex angle, which has a strong dependence of the beam energy, can be 


used to measure the absolute beam energy by using eguation 2.7, Uc 1/y. 


For further work on this topic, suggestions for improving the experiment are: 


The separation between the foils of the stack and the dimension of the 
detector window should be small enough to be able to resolve the fine 
structure from the interference phenomena. 

In order to obtain the proper number of points for the angular distribution 
curve, very slow movement of the position of the detector is required. 

The operating condition of the accelerator should be stable. For example; the 
ratto of the electrons to machine pulse and the pressure of the gas in the 
Manson gas flow detector chamber. 

To get a usable radiation cone, the detector should pass the center of the 
radiation cone. 

The beam should be traced and well collimated. Also the diameter of the pipe 
where the produced photons pass through to the x-ray detector should be 


large enough not to make any shadow into the cone of x-ray production. 
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APPENDIX A 
EXAMPLE PROGRAM FOR GRAPHIC ANALYSIS 


AAAAAAAAAAAAAAAAAAAAAAAARAAAAAAAAAAAAAAAARAAAAAKAAAAA 


***** This fortran program is to analyze KAKAK 
(Ames the angular distribution of the x- En RE 
p transition radiation by sche graphica Beer 


***** method with the tektronix 61 AR 
arar Method with the tektronix 616 RARA RARA 


ARRAK HERE MAIN PROGRAM BEGINS KKKKK 


DIMENSION Sn EL 140001 ,TH(4002) , F1(4001) 
DIMENSION F2(4001 4001 
REAL XM,XLl,XL2,E,XMU, SIG, EP, "A 


EE THE PARAMETER BELOW CAN BE CHANGED BERK 


XM=4. 
XL1=2.54E-5 
ALF OZEZO 
xXL1=15.24E-5 
ALZ-2.5E-6 
EPSIS.SE-3 
EP=24.4E-3 
GA=127.0 
E=1.2 
th(1)=-0.02 


DO 10 I=1,4001 
***** formation lengths of spacing and foil ***** 
ad Ty =6.586E-10 e .0/GA**2+TH(I) J 2), 
22 .586E-10/(1.0/GA**2+(EP/1,2)**2+TH(I)**2) 
KARRAKA single interface intensit 
F1(I)=1.421E15*(Z1(I)-Z2(I) x2 ( SIN(TH(I) )) #*2 
KRAAK single foil interference 
F2(I)S(SIN(2.5E- Seo LH 
X(1)=7.62E- E Zi +2.5E-6/Z2(I) 


***** pure interference term for NEGLIGIBLE ABSORPTION ***** 
F3(I)S(SIN(XM*X(I))/SIN(X(I)))**2 
***** CONSIDERING THE ABSORPTION COEFFICIENT OF MYLAR *^*** 


IF (E.LE. 0.28) THEN 
XMU=6 .975£6*(E/0.1)**(-2. 87) 

ELSEIF (E.GT. 0.28 .AND. E.LE.0.53 ) THEN 
XMUz4.6E6^(E/O.28)^^(-2.28) 

ELSEIF (E.GT. 0.53.AND. E.LE.3.4) THEN 
XMU=2. ¿096% (E/0. 53)**(-2,70 

ELSEIF (E.GT.3.4 .AND. E.LE.10.0) THEN 
XMU=1. 36554*(£/3. 4)**(-3.13 


ENDIF 
k**** CONSIDERING THE ABSORPTION COEFFICIENT OF ALUMINUM ***** 
IF (E(I).LE. 0.5) TH 
XMU=7 62086 (ED )/0.1)**(-1.05) 
ELSEIF (E(I "c 0 .AND. E(I). LE. 10. 80 ) THEN 
XM  ASGEGA(E CD 70. 50)**(-1. 


ELSEIF (g(t). GT. 0.60 ANDE DO, LE! Y 6) THEN 
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aaa 


aaa 


aaa aaaar. a 


ao Q a oaoooa A 


QAQ AAAA 0O0000000 


m=25 


XMU=0.5 
ELSE RENE (IDG 
xMU=1.02 


ENDIF 


67E6*(E(I)/0. 80) -2.91) 
E(I) LE, 10. 0) THEN 
GEGR(E(1)/1. „6)**(-2.72) 


***** calculation of interference and absorption term ***** 


SIG-XL2^XMU 
F3(I)=(1.+EXP(- XM*SIG)- -2.*EXP(-XM*SIG/2. )*cos (2. *XM*X(I))) 
PO DE SIG)-2 EXP SIG/2: „Įžcos(2. .*X(I ))) 
E average absorption term 
EA a (I-EXP(- ML IG 
ARRAK EE inten ty AX 
ATOMS OOOF1(1)¥F2(T) F3(I) 
***** high resolvable increment of angle in radian ***** 
TH(I+1)=TH(I)+1.0/100000.0 
CONTINUE 


KAKAKKAAKKAKKKK GRAPH BEGINS HERE A*XAXAXARARAARARA RAR 


CALL TEK618 
*** AREA DEHINTTION“ > 


CALL PAGE(15., 117) 
CALL NOBRDR 


CALL AREA2B( 34524) 
CALL FRAME 

cALL THKFRM(.006) 
*** LETTERING *** 


CALL COMPLX 


CALL MX1ALF('STANDARD','#') 
CALL MX2ALF EE 
CALL MX3ALF('ITALIC!,!'z' 





CALL HEIGHI(O. 25) 


CALL i MEL DISTRIBUTIONS IDE "21 
CALL HEADIN('M=25, L1=0.003", L2=2. 5E- Zeie TOO E 
CALL ETO N IN RADS', 100) 


CALL YNAME('INTENSITY$',100) 
*** GRID DEFINITION kkk 

CALL GRAF(-0.02,0.005,0.02,0,40.,80.) 
CALL GRAF(-0. 02 ^d. 005,0.02,0,2.5E3,5.0E3) 
DoT 


CAEL GEIRIO 
CALL RESET('DOT') 


kkk CURVE DRAWING . *** 
CALL CURVE(TH,A1,801,0) 
*** END PLOTTING *** 


CALL DONEPL 


STOP 
END 
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APPENDIX B 
LINEAR ACCELERATOR IN THE NPS 


The electron linear accelerator is used for the studv of nuclear structure, radiation 
damage and coherent radiation. This facility is operated for the medium energy range 
from 15 MeV up to 100 MeV. Figure B.1 shows the linear accelerator experimental 


station, and the characteristics of the LINAC is shown in Table 3. 


Rccelerator Section 


Control Room 


NN 
Beam Dump— 





Figure B.1. NPS 100MeV linear accelerator experimental station. 
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TABLES 
LINAC SPECIFICATIONS 


Maximum beam energy 120 


Average electron current 0.3 


Pulse duration 

Pulse frequency 

Klystron peak power 
Klystron frequency 

Total length of accelerator 


Number of klvstron 
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AFEENDIX C 
MANSON GAS FLOW X-RAY DETECTOR 


The selected data to be helpful to studv this experiment are shown in the 


following figures for reference from Manson's letters or instructions of the machine. 


€ - 04,000 25 microns 
(surface of 
anode wire) 


(e in volts/cm) 


<«— 25 microns 1400 volts 








-— 50 microns 1240 volts 


“— 100 microns 1080 volts 


e = 47,000 50 microns —- 500 microns 700 volts 


e = 23,000 100 microns 


10 mm 0 10 mm 
e = 230 Arado V=0 
wire 
axis 


An anode wrre which is located along the cvlinderical proportional counter 
axis has a positive high voltage and the cathode, inside wall of cvlinder is 
eromnded. he electric [eld neur the anode is very large in order to accelerate 
the separation of electron from the ion. 


Ergure Cl Electric field strength inside the detector. 


The size of the window. slit is 1.8” x 2/5” which supports an operating 
differential pressure of 300Torr, with S00Torr maximum. Internal pressure 
must exceed the pressure outside of the window. The very small dimension slit 
is required in order to obtain high spatial resolution. 





Figure C.2 Detector window. 


57 


APPENDIX D 
DESIGN OF STACK 


After the parameters (i.e. the foil number, the foil thickness, and the separation 
between foils) of the stack are determined, the following design was chosen with some 


considerations. 





Aluminum 


1721 


Figure D.1 Construction of stack. 
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The common difficulties which occur during the construction of stacks are in: 
(1) flattening the mylar without wrinkles which blocks the in-phase addition, 
(2) providing a ventillator for each spacing not to break out the mylar by the 
difference of the pressure between vacuum and spacing, 
(3) making all the spacing have the same separation to assure the coherent 
sunimation. 
The construction of the stack in this experiment is sufficient to solve the two of three 
problems in above item (2) and (3), but the tension is not isotropic, it is in one 


direction, so few wrinkles can not be avoided. 
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